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SUMMARY 


While  InGaAsP  APDs  are  superb  as  photodiodes,  with  low 
leakage  current,  subnanosecond  speed,  and  nearly  100%  internal 
quantum  efficiency,  their  performance  as  APDs  has  been 
limited.  Due  to  a  large  increase  in  leakage  current  in  the 
avalanche  gain  region  of  bias,  useful  gains  have  been  small, 
even  though  moderately  large  uniform  gains  are  available. 

In  the  present  work,  the  increased  leakage  current  in  InGaAsP 
APDs  near  breakdown  is  found  to  be  a  rather  uniform  bulk 
property,  not  associated  with  conventional  microplasmas, 
dislocations,  or  surface  effects.  Surface  effects  were 
eliminated  by  the  fabrication  of  guard  ring  APDs,  but  the 
increased  leakage  current  persisted.  Surface  effects  were 
further  ruled  out  by  a  statistical  study  of  the  leakage 
current  in  a  large  sample  of  APDs.  The- study  shows  conclu¬ 
sively  that  the  leakage  current  is  proportional  to  diode 
area,  not  perimeter.  While  the  nature  of  the  increased 
leakage  current  has  been  clarified,  its  cause  is  still 
unknown.  Attempts  to  solve  or  circumvent  the  leakage 
current  problem  are  still  being  made. 
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INTRODUCTION 


Owing  to  the  low  attenuation  and  dispersion  of  silica 

fibers  for  wavelengths  in  the  1.0-1. 6  um  region,  there  has 

been  considerable  interest  in  the  development  of  improved 

3—8 

photodetectors  sensitive  to  these  wavelengths.  The 

InGaAsP/InP  materials  system  seems  particularly  attractive 
for  fabrication  of  photodiodes  and  avalanche  photodiodes 
(APDs)  since  InGaAsP  layers  with  bandgaps  between  0.92  ym 

and  1.65  ym  can  be  grown  lattice  matched  onto  high  quality 

9  10  11  12 

InP  substrates.  '  This  report  is  the  third  of  a  series 

of  interim  reports  describing  our  on-going  work  to  develop 

InGaAsP  APDs  suitable  for  use  in  fiber  optic  links  employing 

wavelengths  between  1.0  and  1.3  ym. 

InGaAsP  .APDs  are  quite  good  in  many  respects.  We  have 
8  12 

reported  '  uniform  rf  gains  up  to  42  and  have  observed 
quantum  efficiencies  up  to  70%  at  1.28  ym  (with  no  anti¬ 
reflection  coating) .  Subnanosecond  rise  and  fall  times  have 

4  5 

also  been  observed,  both  in  this  laboratory  and  in  others.  ' 

5_8 

However,  it  has  generally  been  found  that  there  is  a 

large  increase  in  leakage  current  in  the  avalanche  gain 

region  of  bias  even  though  the  leakage  current  at  half  the 

breakdown  voltage  is  very  small,  '  '  and  gain  uniformity 

scans  show  no  microplasmas. 4' ® 12  The  increased  leakage 

current  limits  useful  (i.e.,  low  noise)  gains  to  rather 
8  12 

modest  values.  ' 

In  this  report  we  describe  our  recent  experiments, 
which  have  clarified  the  nature  of  this  increase  in  leakage 
current.  In  particular,  we  now  know  that  the  increased 
leakage  is  due  to  bulk  properties,  rather  than  to  surface 
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effects  as  once  suspected.  '  '  Two  of  the  experiments 

are  particularly  forceful  in  indicating  the  bulk  nature  of 
the  leakage  current.  In  the  first  experiment,  guard  ring 
APDs  (GRAPDs)  were  successfully  fabricated,  but  the  increased 
leakage  current  persisted.  In  the  second  experiment,  the 
leakage  current  of  a  large  randomly-chosen  sample  of  APDs  of 
different  area  was  examined.  Statistical  analysis  showed 
convincingly  that  the  leakage  current  was  proportional  to 
diode  area,  not  perimeter.  Unfortunately,  the  cause  of  the 
increase  in  bulk  leakage  current  remains  unknown. 

Since  the  leakage  current  in  InGaAsP  APDs  seems  to  be  a 
bulk  property,  future  progress  is  hard  to  predict.  There  is 
some  hope  that  the  leakage  current  problem  may  be  side¬ 
stepped  by  employing  an  InGaAsP  absorbing  region  and  a 
separate  InP  avalanching  region.  Low  frequency  data  by  K. 
Nishida  et  al  '  are  encouraging,  but  so  far  rf  gains  have 
been  reported  only  up  to  10.  Fabrication  of  similar  structures 
in  this  laboratory  is  in  progress. 
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EXPERIMENTS  INDICATING  THE  BULK  NATURE 


OF  THE  APD  LEAKAGE  CURRENT 


2. 1  Noise  Analysis 

8,12  * 

In  previous  work  we  have  shown  how  the  gain  (M  ) 

associated  with  the  leakage  current  may  be  obtained  from 
noise  measurements  under  the  reasonable  but  rough  approxi¬ 
mation  that  the  excess  noise  factor,  F,  is  equal  to  the 
average  photocurrent  gain,  M.  Previously,  noise  data  had 
been  gathered  for  only  one  diode,  so  the  degree  to  which  the 
noise  behavior  was  representative  was  unknown.  To  extend 

our  earlier  work,  we  examined  the  noise  behavior  of  a  set  of 

-  4 

5  randomly-selected  APDs,  each  having  an  area  of  7.3  x  10 
2 

cm  and  a  bandgap  of  1.00  eV.  Noise  was  measured  in  a  10- 

kHz  bandwidth  centered  at  12  MHz ,  using  a  spectrum  analyzer 

ip  conjunction  with  a  transimpedance-type  preamplif ier . 

Calibration  was  provided  by  using  at  the  preamp  input  a 

calibrated  sinusoidal  current  generator  whose  power  spectrum 

* 

was  much  narrower  than  10  kHz.  A  comparison  of  M  and  M  for 

the  randomly- selected  APDs  is  shown  in  Fig.  1.  IS:  is  evident 
*  * 

that  M  »  M.  Values  of  M  >>  M  would  indicate  hidden  gain 

* 

nonuniformities,  while  values  of  M  <<  M  would  indicate 

★ 

shunt  leakage  around  the  p-n  junction.  Since  M  =>  M,  the 
large  increase  in  leakage  current  must  come  from  a  corres¬ 
pondingly  large  increase  in  the  premultiplication  (primary) 
leakage  current,  rather  than  from  any  hidden  gain  nonuni¬ 
formities.  In  other  words,  the  increased  leakage  current 
seems  to  be  associated  with  a  strongly  voltage-dependent 
value  of  the  premultiplication  reverse  "saturation"  current, 
rather  than  with  microplasmas.  The  increase  in  the  pre¬ 
multiplication  leakage  current  is  also  the  cause  of  gain 
Q  11  12 

saturation.  '  '  The  cause  of  the  increased  leakage 
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Fig.  1  Leakage  current  and  photocurrent  gain  comparison 

for  5  randomly-selected  APDs. 


current  is  still  unknown.  However,  as  discussed  below,  it 
is  apparently  associated  with  a  bulk  rather  than  a  surface 
effect. 

2.2  Guard  Ring  APDs 

We  have  observed  that  the  leakage  current  in  InGaAsP 

8  11  12 

APDs  is  quite  sensitive  to  surface  treatment,  '  '  and 

hence  had  suspected  that  the  leakage  current  was  surface 
dominated.  In  an  effort  to  reduce  the  leakage  current,  we 
fabricated  some  guard  ring  APDs  (GRAPDs) .  The  guard  rings 
functioned  properly  but  did  not  eliminate  the  increase  in 
leakage  current  in  the  avalanche  gain  region,  thereby  indi¬ 
cating  that  the  leakage  current  is  a  bulk  rather  than  a 
surface  problem.  We  now  discuss  these  GRAPDs. 

The  structure  of  these  GRAPDs  is  shown  in  Figs.  2a  and 

2b.  The  inner  (active)  area  of  our  GRAPDs  has  a  diameter  of 

4  mils  while  the  outside  diameter  of  the  mesa  is  about  8  mils. 

The  n-InGaAsP  layer  was  grown  by  liquid  phase  epitaxy  (LPE) 

16  —3 

and  has  a  carrier  concentration  of  1-2  x  10  cm  and  a 
bandgap  of  si. 00  eV.  The  lattice  match  to  InP  is  within 
0.03%.  The  complex  guard  ring  structure  was  obtained  by 
using  a  top  layer  of  p  or  p+  InP,  grown  by  vapor  phase 
epitaxy  (VPE) ,  as  a  dopant  source  for  a  subsequent  drive-in 
diffusion.  The  GRAPD  fabrication  involves  two  separate  dif¬ 
fusion  steps  so  there  are  two  separate  VPE  layers  involved. 

The  first  is  grown  selectively,  using  oxide  masking,  and 
serves  as  the  dopant  source  (Zn)  for  the  deep  diffusion 
forming  the  ring  part  of  the  GRAPD.  This  layer  is  later 
removed  with  HC1  (which  does  not  etch  InGaAsP) .  Later  a 
second  VPE  layer  of  InP  is  grown  over  the  entire  surface  of 
the  InGaAsP  and  a  shallow  drive-in  diffusion  is  performed, 
thereby  forming  a  nearly  one-sided  p+-n  homojunction  in  the 
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central  region  within  the  guard  ring.  In  general,  this 
second  (shallow)  diffusion  is  not  necessary.  However,  sub- 
microscopic  damage  has  occurred  during  some  of  the  previous 
high  temperature  processing  steps,  and  the  second  diffusion 
was  found  to  reduce  the  leakage  current. 

To  substantiate  that  the  guard  rings  were  effectively 
isolating  the  interior  region  from  the  outer  surfaces,  we 
fabricated  some  5-mil  diameter  mesa-structure  reference 
diodes  on  the  same  wafer  as  the  GRAPDs  (in  alternate  rows) . 
These  reference  diodes  had  junctions  formed  from  only  the 
(first)  deep  diffusion,  and  therefore  serve  to  independently 
test  for  the  typical  breakdown  voltage  and  leakage  current 
of  the  outer  ring  junctions  of  the  GRAPDs.  For  the  wafer  of 
Fig.  2b,  the  typical  interior  junction  breakdown  voltage  was 
15  V  lower  (76  V)  than  the  typical  exterior  breakdown  voltage 
(91  V) .  Gain  uniformity  scans  showed  that  gain  occurred 
only  in  the  central  region  of  the  GRAPD ,  so  that  any  surface 
leakage  is  not  expected  to  be  multiplied.  Figures  3a  and  3b 
show  a  comparison  of  the  typical  I-V  characteristics  of  the 
two  types  of  diodes.  For  the  complete  GRAPD,  gains  occurred 
mostly  at  the  microamp  level  of  leakage  current  (1  MHz  gains 
of  M  =  2,  4,  10,  and  25  occurred  at  leakage  currents  of  0.2, 
2,  6,  and  150  pA,  respectively) .  Figure  3a  shows  that  the 
voltage  is  74  V  when  the  GRAPD  is  operated  at  2  pA  of  leakage 
current  (where  the  gain  is  4) .  Note  from  Fig.  3b,  however, 
that  the  reference  diode  had  only  around  20  nA  of  leakage 
current  at  74  V.  This  indicates  that  the  shunt  surface 
leakage  current  of  the  outer  ring  junction  of  the  complete 
GRAPD  is  expected  to  be  less  than  100  nA  at  74  V,  and  yet 
the  complete  GRAPD  has  2  pA  of  leakage  at  74  V  and  M  =  4. 
Hence  essentially  all  the  leakage  current  is  coming  from  the 
bulk  rather  than  the  surface. 
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APD  reverse  bias  uni  Humiliated  I-V  characteristics 

(a)  Complete  guard  ring  APD:  Active  diameter 
is  4  mils;  total  diameter  is  8  mils. 

(b)  Nearby  APD  with  ring  junction  only. 

Diameter  is  5  mils.  Both  diodes  exhibit 
rf  gain. 


2.3  Area  Dependency  of  Leakage  Current 


While  the  GRAPD  results  indicate  that  the  leakage 
current  is  a  bulk,  rather  than  a  surface  problem,  it  is 
still  desirable  to  confirm  this  with  a  different  and  inde¬ 
pendent  method.  To  do  this,  we  performed  a  statistical 
analysis  of  the  leakage  current  in  a  large  sample  of  APDs 
having  two  different  sizes.  At  low  gains,  the  standard 
deviations  were  small  enough  to  conclude  with  confidence 
that  the  leakage  current  scaled  linearly  with  area  rather 
than  perimeter,  thus  indicating  the  bulk  nature  of  the 
leakage  current.  This  experiment  is  now  described. 

A  1.00-eV  bandgap  InGaAsP  APD  wafer  was  fabricated  (as 
8  11  12 

previously  reported  '  '  )  with  two  sizes  of  unguarded  APDs 

located  in  alternate  rows  on  the  wafer.  Their  diameters 
were  14.5  ±  0.2  mils  and  5.5  ±  0.2  mils.  The  diodes  were 
randomly  selected  by  going  up  and  down  rows,  without  skip¬ 
ping  (either  diodes  or  rows) ,  on  an  arbitrarily-chosen 
region  of  the  wafer  that  was  approximately  square- shaped. 
Diodes  with  shorts  or  obvious  early  breakdowns  were  rejected. 
Twenty-nine  diodes  were  examined  to  obtain  11  good  large- 
area  APDs  and  11  good  small-area  APDs,  with  six  large-area 
diodes  and  one  small-area  diode  being  rejected  because  of 
shorts  or  early  breakdown.  Statistical  data  was  obtained 
for  each  group  of  11  diodes.  Statistical  analysis  is  also 
given  for  groups  of  10  diodes  each,  with  the  leakiest  diode 
of  each  group  being  omitted.  This  tightens  up  the  standard 
deviations. 

Table  I  summarizes  the  results.  Leakage  current  and 
gain  were  measured  at  four  different  voltages.  At  low 
biases  (25  V) ,  we  see  that  the  leakage  current  is  small  but 
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varies  wildly,  having  a  standard  deviation  several  times  the 
mean  value.  However,  for  gains  around  2  (.47.00  V,  50.60  V)  , 
the  leakage  current  has  increased  to  the  microamp  level  and 
does  not  vary  too  wildly,  having  a  standard  deviation  only  a 
fraction  of  the  mean  value.  At  still  higher  values  of 
voltage  (53.80  V)  or  gain,  however,  the  leakage  current  is 
increasing  quite  rapidly  and  again  begins  to  vary  rather 
wildly.  The  last  two  columns  in  Table  I  show  that  the 
leakage  current  is  proportional  to  the  area,  rather  than  to 
the  perimeter.  The  most  statistically  significant  data 
occur  near  M  =  2.2,  where  the  leakage  current  ratio  of  7.6  ± 
2.4  agrees  rather  well  with  the  ratio  of  areas,  6.95  ±  0.54, 
but  not  with  the  ratio  of  perimeters,  2.64  ±  0.10.  Hence 
the  bulk  nature  of  the  leakage  current  is  again  indicated. 

The  relative  standard  deviations  in  Table  1  are  smaller 
in  the  low  gain  region  around  M  =  2,  because  in  this  region 
the  leakage  current  is  dominated  neither  by  occasional 
defects  (which  dominate  at  low  currents)  nor  by  microplasmas 
(which  dominate  at  high  currents) .  An  elaboration  may  be 
helpful: 

At  low  leakage  currents  (e.g.  <100  nA)  the  leakage 
current  is  dominated  by  "occasional  defects"  such  as  disloca¬ 
tions,  surface  deposits,  occasional  unwanted  impurities, 
etc.  Most  such  defects  scale  with  area,  but  when  there  is 
only  a  low  probability  of  any  given  defect  occurring  on  a 
small-area  diode,  the  relative  variations  in  the  density  of 
a  particular  type  of  defect  between  diodes  can  be  huge 
(e.g.,  0  vs.  1).  Furthermore,  one  type  of  defect  might 
cause  little  leakage  current  while  another  type  might  cause 
a  large  amount.  On  the  other  hand,  at  very  large  values  of 
leakage  current  or  gain,  even  extremely  uniform  diodes  would 
begin  to  form  microplasmas,  although  not  all  at  exactly  the 


same  voltage.  Hence,  at  very  large  values  of  leakage  current, 
one  again  expects  the  leakage  current  to  vary  wildly  at  a 
given  voltage.  Thus,  one  expects  to  find  the  most  uniform 
distribution  of  leakage  current  in  a  sample  of  diodes  at  low 
to  moderate  values  of  gain  or  leakage  current.  In  this 
region,  the  leakage  current  is  dominated  neither  by  occasional 
defects  nor  by  microplasmas.  This  is  why  the  most  statistically 
significant  data  in  Table  I  occurs  near  M  =  2.2,  where  the 
leakage  current  ratio  of  7.6  ±  2;4  agrees  rather  well  with 
the  ratio  of  areas,  6.95  ±  0.54,  but  not  with  the  ratio  of 
perimeters,  2.64  ±  0.10.  If  a  gaussian  distribution  of 
probabilities  is  assumed,  these  standard  deviations  indicate 
that  the  probability  of  the  leakage  current  being  within  30% 
of  being  proportional  to  area  is  over  60%,  while  the  proba¬ 
bility  of  being  within  30%  of  being  proportional  to  perimeter 
is  only  3%.  Hence  the  bulk  nature  of  the  leakage  is  indicated. 

Note  also  from  Table  I  that  the  leakage  current  variations 
are  quite  small  for  the  diodes  of  smaller  area  (1.5  x  10”4 

#  Hence  if  there  is  a  common  defect  responsible  for 

this  leakage  current,  it  must  have  a  density  greater  than 
5  2 

10  /cm  .  This  appears  to  rule  out  dislocations,  as  their 

density  is  too  low.  This  conclusion  is  further  supported  by 

the  similarity  in  yields  and  leakage  current  between  unguarded 

ApDs  fabricated  on  dislocation-free  Zn-doped  substrates,  and 

the  GRAPDs  fabricated  on  Sn-doped  substrates  having  a  disloca- 

4  2 

tion  density  of  ~10  /cm  .  (The  Zn  substrates  give  only 
slightly  better  yields  and  leakage  currents.) 

The  leakage  current  is  not  only  a  bulk  problem,  but 
indeed  seems  to  be  rather  uniform  bulk  property.  In  parti¬ 
cular,  the  leakage  current  at  a  given  value  of  gain  (or 
voltage)  has  little  variation  between  different  diodes  from 
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the  same  wafer.  If  the  increased  leakage  current  was  asso¬ 
ciated  with  the  conventional  type  of  microplasmas,  this 
would  not  be  the  case.  In  a  random  sampling^  of  12  APDs 
(from  a  single  wafer)  we  found  the  post-multiplication 

leakage  current  density  at  an  rf  photocurrent  gain  of  10, 

2  -4  2 

was  0.25  ±  0.033  A/cm  ,  for  APDs  of  area  7.3  x  10  cm  .  The 

standard  deviation  represents  only  a  13%  variation  — 

remarkably  small.  For  the  same  random  sample,  the  standard 

deviation  of  the  breakdown  voltage  was  also  extremely  small 

less  than  0.5%. 

We  do  not  yet  know  the  cause  of  the  increase  in  leakage 
current  near  the  breakdown  voltage.  However,  we  now  know 
that  the  increased  leakage  is  associated  with  a  rather 
uniform  bulk  property,  rather  than  a  surface  effect,  and 
that  the  increased  leakage  does  not  appear  to  be  caused  by 
hidden  gain  nonuniformities. 
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3. 


OTHER  WORK 


3. 1  An  Annealing  Experiment 

The  question  arises  whether  high  temperature  annealing 
of  previously  grown  InGaAsP  layers  might  lead  to  increased 
microscopic  homogeneity  and  thereby  lead  to  reduction  of  the 
leakage  current  in  the  avalanche  gain  bias  region.  We 
tested  this  hypothesis  and  concluded  that  any  beneficial 
effect  was  small.  We  now  describe  the  experiment. 

An  InGaAsP  layer  (thickness  -8  urn,  bandgap  s  1.00  eV, 
16—3  — 

n-type  doping  =2  x  10  cm  )  was  grown  on  a  n  -InP  substrate. 
Half  of  this  wafer  was  annealed  in  an  evacuated  quartz 
ampoule  at  950°C  for  1  hour.  An  overpressure  of  P  was 
present,  provided  by  red  phosphorus,  and  the  layer  side  was 
coated  with  silicon  nitride.  After  the  anneal,  no  decompos¬ 
ition  was  observed  at  400X  magnification.  ‘From  this  point 
on,  both  halves  of  the  original  wafer  were  processed  exactly 
in  parallel.  About  2  microns  was  etched  off  the  InGaAsP 
layer  (both  halves)  with  0.1%  Bromine-Methanol.  This  is 
done  to  remove  any  effects  the  silicon  nitride  may  have 
caused  on  the  top  of  the  quaternary  layer  of  the  annealed 
half.  A  p+-InP  layer  was  then  grown  by  VPE  on  top  of  both 
halves.  A  drive-in  diffusion  was  then  performed  on  both 
pieces  (1/2  hour  at  850°C)  to  move  the  junction  about  2  um 
below  the  top  InP  layer,  thus  forming  a  p-n  homo junction  in 
the  quaternary  layer.  This  drive-in  diffusion  step  has  only 
a  minor  annealing  effect  on  the  unannealed  half  of  the  wafer 
(compared  to  1  hour  at  950°C) .  Such  a  drive-in  diffusion  is 
necessary  to  reduce  leakage  current  and  to  prevent  edge 
breakdown  by  causing  a  graded  junction.  Subsequently  both 
halves  of  the  wafer  were  fabricated  into  mesa  geometry  APDs. 
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Electrical  and  optical  evaluation  showed  that  both  the 
annealed  and  unannealed  pieces  had  similar  performance; 
i.e.,  the  better  diodes  had  similar  gain  and  similar  leakage 
current  at  a  given  value  of  gain.  Yields  were  fairly  poor 
and  this  prevented  a  quantitative  statistical  analysis  from 
being  performed.  Hence  it  is  possible  that  small  differences 
in  quality  existed  between  the  annealed  and  unannealed 
pieces.  However,  any  differences  were  small  enough  not  to 
be  obvious.  The  relatively  complex  procedure  used  for  this 
annealing  experiment  was  chosen  in  order  to  try  to  achieve 
an  identical  doping  profile  on  both  the  annealed  and  unanneal¬ 
ed  pieces,  so  that  a  variation  in  doping  profile  would  not 
confuse  the  comparison. 

3. 2  Antireflection  Coating 

Silicon  nitride  was  tested  as  an  antireflection  coating 

by  depositing  a  1550  A  thick  layer  onto  some  in-house  InGaAs 

photodiodes  having  the  structure  p+-InP/p (diffused) -InGaAs/ 

n-InGaAs/n+-InP (substrate) .  These  photodiodes  had  diameters 

-5  2 

of  15  mils,  leakage  currents  down  to  2  x  10  A/ cm  at  -20V, 
and  subnanosecond  rise  and  fall  times.  With  the  measured 
index  of  refraction  of  2.0,  a  1550  A  thick  layer  of  silicon 
nitride  is  expected  to  have  a  minimum  reflectivity  at  a 
wavelength  of  1.24  pm.  The  quantum  efficiency  was  measured 
at  1.22  ym  using  an  InGaAsP  LED,  and  a  calibrated  Ge  reference 
diode.  The  observed  quantum  efficiency  was  nearly  100%, 
having  the  value  (95  ±  5)%.  Without  an  antireflection 
coating,  the  maximum  theoretical  quantum  efficiency  is  only 
'  about  70%,  so  the  silicon  nitride  coating  evidently  works 
quite  well  as  an  antireflection  coating.  Silicon  nitride 
will  work  equally  well  for  the  InGaAsP  APDs. 
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3 . 3  Junction  Coatings 


Until  convenient  hermetic  packaging  schemes  are  imple¬ 
mented  that  allow  efficient  coupling  to  optical  fibers,  it 
is  desirable  to  have  some  kind  of  p-n  junction  coating  that 
can  protect  exposed  junctions  in  ordinary  (not  overly  harsh) 
environments.  A  silicone  gel  junction-passivation  coating 
from  Corning  was  found  to  be  unsatisfactory.  When  coated 
APDs  were  biased  at  even  low  voltages,  the  leakage  current 
would  slowly  and  steadily  increase.  The  associated  time 
constant  was  large  (minutes)  and  the  leakage  current  would 
eventually  approach  the  microamp  level  (having  started  from 
the  nanoamp  level).  On  the  other  hand,  a  transparent  epoxy 
from  Epo-Tek  worked  extremely  well.  The  low  level  leakage 
current  was  very  stable  and  had  not  increased  from  its  value 
prior  to  the  epoxy  application. 

Si^N4  and  Si02  are  also  potential  junction  coatings. 
However,  relatively  high  temperature  depositions  (>>225 °C) 
seem  to  be  required  as  depositions  at  225°C  or  less  have  led 
to  very  large  increases  in  leakage  current. 
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FUTURE  WORK 


Initially  it  had  been  intended  to  emphasize  the  design 

of  a  preamp  module  to  use  with  the  APDs  at  this  stage  of  our 

contract  work.  However,  due  to  the  limited  performance  of 

the  APDs,  emphasis  has  remained  on  the  APD  development.  We 

will  soon  shift  most  of  our  efforts  toward  the  design  of  the 

APD  +  preamp  module.  However,  first  we  intend  to  investigate 

the  high-frequency  gain  and  noise  performance  of  the  new 

13  14 

type  of  hybrid  InP  APD  reported  by  K.  Nishida  et  al,  ' 
that  employs  an  InP  avalanche  region  and  a  separate  InGaAsP 
absorbing  region. 


5. 
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